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Abstract
The axino and the gravitino are well-motivated candidates for the lightest supersymmetric particle (LSP) and also for cold
dark matter in the Universe. Assuming that a charged slepton is the next-to-lightest supersymmetric particle (NLSP), we show
how the NLSP decays can be used to probe the axino LSP scenario in hadronic axion models as well as the gravitino LSP
scenario at the Large Hadron Collider and the International Linear Collider. We show how one can identify experimentally the
scenario realized in nature. In the case of the axino LSP, the NLSP decays will allow one to estimate the value of the axino mass
and the Peccei–Quinn scale.
 2005 Elsevier B.V.
1. Introduction
In supersymmetric extensions of the Standard Model with unbroken R-parity [1], the lightest supersymmetric
particle (LSP) is stable and plays an important role in both collider phenomenology and cosmology. The most pop-
ular LSP candidate is the lightest neutralino, which appears already in the minimal supersymmetric standard model
(MSSM). Here we consider two well-motivated alternative LSP candidates, which are not part of the spectrum of
the MSSM: the axino and the gravitino. In particular, either of them could provide the right amount of cold dark
matter in the Universe if heavier than about 1 MeV (see [2,3] and [4–8], respectively, and references therein).
The axino [9–11] appears (as the spin-1/2 superpartner of the axion) when extending the MSSM with the
Peccei–Quinn mechanism [12] in order to solve the strong CP problem. Depending on the model and the super-
symmetry (SUSY) breaking scheme, the mass of the axino can range between the eV and the GeV scale [10,13–15].
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to a local symmetry leading to supergravity (SUGRA) [16]. The mass of the gravitino depends strongly on the
SUSY-breaking scheme and can range from the eV scale to scales beyond the TeV region [1,17,18]. In particular,
in gauge-mediated SUSY breaking schemes [17], the gravitino mass is typically less than 100 MeV, while in
gravity-mediated schemes [1] it is expected to be in the GeV to TeV range.
Both the axino and the gravitino are singlets with respect to the gauge groups of the Standard Model. Both
interact extremely weakly as their interactions are suppressed by the Peccei–Quinn scale [19,20] fa  5×109 GeV
and the (reduced) Planck scale [20] MPl = 2.4 × 1018 GeV, respectively. Therefore, in both the axino LSP and
the gravitino LSP cases, the next-to-lightest supersymmetric particle (NLSP) typically has a long lifetime. For
example, for axino cold dark matter, an NLSP with a mass of 100 GeV has a lifetime of O(1 s). For gravitino cold
dark matter, this lifetime is of O(1 s) for a gravitino mass of 10 MeV and of O(106 s) for a gravitino mass of
10 GeV. Late NLSP decays can spoil successful predictions of primordial nucleosynthesis and can distort the CMB
blackbody spectrum. Constraints are obtained in order to avoid the corresponding (rather mild) axino problem or
the more severe and better-known gravitino problem. In the axino LSP case, either a neutralino or a slepton could
be the NLSP [21]. In the gravitino LSP case, these constraints strongly disfavour a bino-dominated neutralino
NLSP, while a slepton NLSP remains allowed [8,22].
Because of their extremely weak interactions, the direct detection of axinos and gravitinos seems hopeless.
Likewise, their direct production at colliders is very strongly suppressed. Instead, one expects a large sample of
NLSPs from pair production or cascade decays of heavier superparticles, provided the NLSP belongs to the MSSM
spectrum. These NLSPs will appear as quasi-stable particles, which will eventually decay into the axino/gravitino
LSP. A significant fraction of these NLSP decays will take place outside the detector and will thus escape de-
tection. For the charged slepton NLSP scenario, however, there have recently been proposals, which discuss the
way such NLSPs could be stopped and collected for an analysis of their decays into the LSP. It was found that up
to O(103–104) and O(103–105) of charged NLSPs can be trapped per year at the Large Hadron Collider (LHC)
and the International Linear Collider (ILC), respectively, by placing 1–10 kt of massive additional material around
planned collider detectors [23,24].
In this Letter we assume that the NLSP is a charged slepton. In Section 2 we investigate the NLSP decays in the
axino LSP scenario. These decays were previously considered in [21]. We show that the NLSP decays can be used
to estimate the axino mass and to probe the Peccei–Quinn sector. In particular, we obtain a new method to measure
the Peccei–Quinn scale fa at future colliders.
In Section 3 we consider the corresponding NLSP decays in the gravitino LSP scenario. These decays were
already studied in [25]. It was shown that the measurement of the NLSP lifetime can probe the gravitino mass and
can lead to a new (microscopic) determination of the Planck scale with an independent kinematical reconstruction
of the gravitino mass. Moreover, it was demonstrated that slepton NLSP decays into the corresponding lepton, the
gravitino, and the photon can be used to reveal the peculiar couplings and possibly even the spin of the gravitino.
In Ref. [25] the limit of an infinite neutralino mass was used. Here we generalize the result obtained therein for the
three-body decay by taking into account finite values of the neutralino mass.
A question arises as to whether one can distinguish between the axino LSP and the gravitino LSP scenarios at
colliders. From the NLSP lifetime alone, such a distinction will be difficult, in particular if the mass of the LSP
cannot be determined. Thus, an analysis of the three-body decay of the charged NLSP slepton into the correspond-
ing lepton, the LSP, and a photon will be essential. With a measurement of the polarizations of the final-state lepton
and photon, the determination of the spin of the LSP should be possible [25] and would allow us to decide clearly
between the spin-1/2 axino and the spin-3/2 gravitino. The spin measurement, however, will be very difficult. In
Section 4 we present more feasible methods to distinguish between the axino LSP and the gravitino LSP scenarios,
which are also based on the analysis of the three-body NLSP decay with a lepton and a photon in the final state.
Let us comment on the mass hierarchy of the relevant particles. There are six possible orderings in the hierarchy
of the axino mass ma˜ , the gravitino mass mG˜, and the mass of the lightest ordinary supersymmetric particle (LOSP)
m . Here the LOSP is the lightest charged slepton. The cases relevant in this Letter are (i) m < m < m ,LOSP a˜ LOSP G˜
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< mLOSP < ma˜ , (iii) ma˜ < mG˜ < mLOSP, and (iv) mG˜ < ma˜ < mLOSP. In cases (iii) and (iv), the LOSP
has two distinct decay channels, one into the axino and the other into the gravitino. However, unless the decay
rates into the axino and the gravitino are (accidentally) comparable, the phenomenology of the LOSP decay in the
cases (iii) and (iv) can essentially be reduced to the cases (i) or (ii), although not necessarily, respectively, as will
be discussed in Section 4. We will thus concentrate on the cases (i) and (ii) and call the LOSP the NLSP.
2. Axino LSP scenario
In this section we consider the axino LSP scenario. The relevant interactions of the axino are discussed. The
rates of the two-body and three-body decays of the charged slepton NLSP are given. We demonstrate that these
decays can be used to estimate the Peccei–Quinn scale and the axino mass.
To be specific, we focus on the case where the lighter stau τ˜ is the NLSP. In general, the stau is a linear com-
bination of τ˜R and τ˜L, which are the superpartners of the right-handed and left-handed tau lepton, respectively:
τ˜ = cos θτ τ˜R + sin θτ τ˜L. For simplicity, we concentrate on a pure ‘right-handed’ stau τ˜R, which is a good approxi-
mation at least for small tanβ . Then, the neutralino–stau coupling is dominated by the bino coupling. In addition,
we assume for simplicity that the lightest neutralino is a pure bino.
2.1. Axino interactions
Let us first discuss how the axino couples to the stau. Concentrating on hadronic, or KSVZ, axion models [26]
in a SUSY setting, the coupling of the axino to the bino and the photon/Z-boson at scales below the Peccei–Quinn
scale fa is given effectively by the Lagrangian [2]
(1)La˜ = i αYCaYY16πfa
¯˜aγ5[γµ, γν]B˜(cos θWFµν − sin θWZµν),
where θW is the weak mixing angle, αY = α/ cos2 θW with the fine structure constant α, and Fµν and Zµν are
the field strength tensors of the photon and Z-boson, respectively. The interaction Lagrangian (1) is obtained by
integrating out the heavy (s)quarks introduced in supersymmetric KSVZ axion models. Indeed, the KSVZ axino
couples directly only to these additional heavy (s)quarks. Thus, the above coupling depends, for example, on the
hypercharge of these heavy (s)quarks, which we assume to be non-zero. The model dependence related to the
Peccei–Quinn sector is expressed in terms of the factor CaYY O(1). As the MSSM fields do not carry Peccei–
Quinn charges, the axino couples to the stau only indirectly, via the exchange of intermediate gauge bosons and
gauginos.
In the alternative DFSZ axion models [27], once supersymmetrized, the mixing of the axino with the MSSM
neutralinos can be non-negligible and other couplings between the axino and the MSSM fields will arise. Here,
however, we focus on the KSVZ-type models.
2.2. The two-body decay τ˜ → τ + a˜
We now consider the two-body decay τ˜ → τ + a˜ in the framework described above. We neglect the tau mass for
simplicity. With the effective vertex (1), i.e., with the heavy KSVZ (s)quarks integrated out, this two-body decay
occurs at the one-loop level. The corresponding Feynman diagrams are shown in Fig. 1, where the effective vertex
is indicated by a thick dot. Using the method described in [28], we obtain the following estimate for the decay
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rate1:
(2)Γ (τ˜R → τ a˜) = 9α
4C2aYY
512π5 cos8 θW
m2
B˜
f 2a
(m2
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a˜
)2
m3
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ξ2 log2
(
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m
)
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,
where m
B˜
is the mass of the bino and mτ˜ is the mass of the stau NLSP, i.e., ma˜ < mτ˜ < mB˜ . As explained below,
there is an uncertainty associated with the method used to derive the decay rate (2). We absorb this uncertainty into
the mass scale m  m
τ˜,B˜
O(100 GeV) and into the factor ξ O(1) in the first line. We used log(fa/m)  20.7
to get from the first to the second line.
Here a technical comment on the loop integral is in order. If one naively integrates over the internal momentum
in the diagrams with the effective vertex—see Fig. 1—one encounters logarithmic divergencies. This is because
the effective vertex (1) is applicable only if the momentum is smaller than the heavy (s)quark masses, whereas the
momentum in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin of the effective
vertex, i.e., the Peccei–Quinn sector, and to calculate the two-loop integrals with heavy (s)quarks in the additional
loop. Such a two-loop computation leads to a finite result [29]. Here, instead, we have regulated the logarithmic
divergencies with the cut-off fa and kept only the dominant contribution. The mass scale m and the factor ξ have
been introduced above to account for the uncertainty coming from this cut-off procedure.
2.3. The three-body decay τ˜ → τ + γ + a˜
We now turn to the three-body decay τ˜R → τ + γ + a˜. We again neglect the tau mass for simplicity. In contrast
to the two-body decay considered above, the three-body decay occurs already at tree level, once the effective vertex
given in (1) is used. In addition, we take into account photon radiation from the loop diagrams of Fig. 1, since the
additional factor of α is partially compensated by the additional factor of log(fa/m). As above, we keep only the
dominant contribution of the loop diagrams. The corresponding Feynman diagrams are shown in Fig. 2, where a
thick dot represents the effective vertex (1) and a shaded triangle the set of triangle diagrams given in Fig. 1. As
the photon radiation from an electrically charged particle within the loops leads to a subdominant contribution,
these processes are not shown in Fig. 2. At each order in log(fa/m), only the leading order in α is computed
while higher-order corrections are not considered. In terms of the observables that seem to be most accessible, i.e.,
the photon energy Eγ and cos θ , the cosine of the opening angle between the photon and the tau direction, the
1 We correct the factor of (1/16)(1 + tan2 θ )2/(1 − tan2 θ )2, which is missing in Eq. (3.12) of Ref. [21].W W
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corresponding differential decay rate reads
(4)d
2Γ (τ˜R → τγ a˜)
dxγ d cos θ
= mτ˜
512π3
xγ (1 − Aa˜ − xγ )
[1 − (xγ /2)(1 − cos θ)]2
∑
spins
∣∣M(τ˜R → τγ a˜)∣∣2,
where
(5)
∑
spins
∣∣M(τ˜R → τγ a˜)∣∣2 = α
3C2aYY
π cos4 θW
m2
τ˜
f 2a
F
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with
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m2
a˜
m2
τ˜
, A
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≡
m2
B˜
m2
τ˜
,
and
F
(a˜)
diff(xγ , cos θ,Aa˜,AB˜)
= x
2
γ (1 − Aa˜ − xγ )[1 + cos θ + Aa˜(1 − cos θ)][1 + cos θ + AB˜(1 − cos θ)]
{xγ (1 + cos θ) + 2Aa˜ − AB˜ [2 − xγ (1 − cos θ)]}2
+ 3α
π cos2 θW
ξ log
(
fa
m
){ √
Aa˜AB˜(1 + cos θ)(1 − Aa˜ − xγ )
xγ (1 + cos θ) + 2Aa˜ − AB˜ [2 − xγ (1 − cos θ)]
+ AB˜ [(1 + cos θ)(1 − Aa˜) + Aa˜xγ (1 − cos θ)]
xγ (1 + cos θ) + 2Aa˜ − AB˜ [2 − xγ (1 − cos θ)]
}
(7)+ 9α
2
4π2 cos4 θW
ξ2 log2
(
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m
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A
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{
1 + cos θ + Aa˜(1 − cos θ)
(1 − cos θ)(1 − Aa˜ − xγ ) +
2(1 + cos θ)(1 − Aa˜)
x2γ (1 − cos θ)
}
.
Hereafter, we use log(fa/m)  20.7, as in the previous section.
The three-body decay τ˜ → τ +γ + a˜ involves bremsstrahlung processes (see Fig. 2) and, as already mentioned,
we have neglected the tau mass. Thus, when the photon energy and/or the angle between the photon and the
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τ˜ → τ + γ + a˜ is not defined. We define the integrated rate of the three-body decay τ˜ → τ + γ + a˜ with a cut on
the scaled photon energy, xγ > xcutγ , and a cut on the cosine of the opening angle, cos θ < 1 − xcutθ :
(8)Γ (τ˜R → τγ a˜;xcutγ , xcutθ )≡
1−Aa˜∫
xcutγ
dxγ
1−xcutθ∫
−1
d cos θ
d2Γ (τ˜R → τγ a˜)
dxγ d cos θ
.
As explained in Section 4, the quantity Γ (τ˜R → τγ a˜;xcutγ , xcutθ ) will be important in distinguishing between the
axino LSP and the gravitino LSP scenarios.
2.4. Probing the Peccei–Quinn scale and the axino mass
In the axino LSP scenario, the stau NLSP decays provide us with a new method to probe the Peccei–Quinn
scale fa at colliders. As we will see in Section 4.2, the branching ratio of the three-body decay is small if reasonable
cuts are used. Thus, we can use the two-body decay rate (3) to estimate the stau lifetime, ττ˜ ≈ 1/Γ (τ˜ → τ a˜).
Accordingly, the Peccei–Quinn scale fa can be estimated as
(9)f 2a 
(
ττ˜
25 s
)
ξ2C2aYY
(
1 − m
2
a˜
m2
τ˜
)(
mτ˜
100 GeV
)(
m
B˜
100 GeV
)2(
1011 GeV
)2
,
once mτ˜ , mB˜ , and the lifetime of the stau ττ˜ have been measured. The dependence on the axino mass is negligible
for ma˜/mτ˜  0.1, so that fa can be determined without knowing ma˜ . For larger values of ma˜ , the stau NLSP
decays can be used to determine the mass of the axino kinematically. In the two-body decay τ˜ → τ + a˜, the axino
mass can be inferred from Eτ , the energy of the emitted tau lepton:
(10)ma˜ =
√
m2
τ˜
+ m2τ − 2mτ˜Eτ ,
with an error depending on the experimental uncertainty on mτ˜ and Eτ .
3. Gravitino LSP scenario
In this section we assume that the gravitino is the LSP and again that the pure right-handed stau is the NLSP.
The corresponding rates of the two-body and three-body decay of the stau NLSP are given. These decays have
already been studied in Ref. [25]. Here we generalize the result obtained for the three-body decay by taking into
account finite values of the neutralino mass. For simplicity, we assume again that the lightest neutralino is a pure
bino.
The couplings of the gravitino G˜ to the τ˜R, τ , B˜ , and γ are given by the SUGRA Lagrangian [16]. The inter-
actions of the gravitino are determined uniquely by local SUSY and the Planck scale and, in contrast to the axino
case, are not model-dependent.
3.1. The two-body decay τ˜ → τ + G˜
In the gravitino LSP scenario, the main decay mode of the stau NLSP is the two-body decay τ˜ → τ + G˜. As
there is a direct stau–tau–gravitino coupling, this process occurs at tree level. Neglecting the τ -lepton mass mτ ,
one obtains the decay rate:
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m5
τ˜
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M2Pl
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(12)= (5.89 s)−1
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100 GeV
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m2
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m2
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.
In order to get from the first to the second line, we have used the value of the reduced Planck mass MPl =
(8πGN)−1/2 = 2.435 × 1018 GeV as obtained from macroscopic measurements of Newton’s constant [20]
GN = 6.709 × 10−39 GeV−2. Thus, the gravitino mass can be determined once the stau NLSP lifetime governed
by (12) and mτ˜ are measured. As pointed out in Ref. [25], expression (11) can also be used the other way around,
i.e., for a microscopic determination of the Planck scale once the masses of the gravitino and the stau are measured
kinematically. Note the strong dependence on m
G˜
and mτ˜ . In the axino LSP scenario, the corresponding rate (2)
becomes independent of the axino mass for ma˜/mτ˜  0.1, so that the Peccei–Quinn scale can be determined even
if ma˜ is too small to be inferred kinematically.
3.2. The three-body decay τ˜ → τ + γ + G˜
Let us now turn to the three-body decay τ˜R → τ + γ + G˜. The corresponding Feynman diagrams are shown
in Fig. 3. We neglect again the tau mass for simplicity. For finite bino mass, we obtain the following differential
decay rate
(13)d
2Γ (τ˜R → τγ G˜)
dxγ d cos θ
= mτ˜
512π3
xγ (1 − AG˜ − xγ )
[1 − (xγ /2)(1 − cos θ)]2
∑
spins
∣∣M(τ˜R → τγ G˜)∣∣2,
where
(14)
∑
spins
∣∣M(τ˜R → τγ G˜)∣∣2 = 8πα3
m2
τ˜
M2PlAG˜
F
(G˜)
diff (xγ , cos θ,AG˜,AB˜)
Fig. 3. The three-body NLSP decay τ˜R → τ + γ + G˜.
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F
(G˜)
diff (xγ , cos θ,AG˜,AB˜)
= −3A2
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2
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−
2{A2
G˜
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+
2A2
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[(1 − xγ )(1 + 2AG˜ + xγ ) + xγ AB˜ ]
xγ (1 − AB˜)[xγ (1 + cos θ) + 2(AG˜ − AB˜) + AB˜xγ (1 − cos θ)]
}
+ (1 − A
G˜
− xγ )
{
(−1 + 3A
G˜
)(1 − A
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)
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)
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2(A
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(15)+ 4(1 − AG˜ − xγ )(3AG˜ + AB˜)(AG˜ − AB˜)
2
(1 − A
B˜
)[xγ (1 + cos θ) + 2(AG˜ − AB˜) + AB˜xγ (1 − cos θ)]2
}
.
In the limit m
B˜
→ ∞, only the terms in the first five lines of (15) remain and the result given in the appendix of
the first reference in [25] is obtained. For finite values of the bino mass, the diagram with the bino propagator in
Fig. 3 has to be taken into account, which then leads to our more general result.
As in the axino case, the total rate of the three-body decay τ˜ → τ + γ + G˜ is not defined. We thus introduce
again the integrated rate with a cut on the scaled photon energy, xγ > xcutγ , and a cut on the cosine of the opening
angle, cos θ < 1 − xcutθ ,
(16)Γ (τ˜R → τγ G˜;xcutγ , xcutθ )=
1−A
G˜∫
xcutγ
dxγ
1−xcutθ∫
−1
d cos θ
d2Γ (τ˜R → τγ G˜)
dxγ d cos θ
.
This quantity will be used in our comparison of collider signatures of the axino LSP and the gravitino LSP scenar-
ios.
A. Brandenburg et al. / Physics Letters B 617 (2005) 99–111 1074. Axino vs. gravitino
In this section we show how the two-body and three-body decays of the stau NLSP can be used to distinguish
between the axino LSP scenario and the gravitino LSP scenario at colliders. We compare the total decay rates of
the stau NLSP, the branching ratios of the three-body decays τ˜ → τ + γ + a˜/G˜ with cuts on the observables, and
the differential distributions of the decay products in the three-body decays.
4.1. Total decay rates
Let us discuss the lifetime of the stau NLSP in the axino LSP and in the gravitino LSP scenarios, and examine
whether the lifetime can be used to distinguish between the two. In both cases, the total decay rate of the stau NLSP
is dominated by the two-body decay,
(17)Γ totalτ˜R→iX  Γ (τ˜R → τ i), i = a˜, G˜,
with the rates given, respectively, in (3) and (12). Thus, the order of magnitude of the stau NLSP lifetime is
(essentially) determined by mτ˜ , mB˜ , and fa in the axino LSP scenario and by mτ˜ and mG˜ in the gravitino LSP
scenario. Among those parameters, one should be able to measure the stau mass mτ˜ and the bino mass mB˜ by
analysing the other processes occurring in the planned collider detectors. Indeed, we expect that these masses will
already be known when the stau NLSP decays are analysed. To be specific, we set these masses to mτ˜ = 100 GeV
and m
B˜
= 110 GeV, keeping in mind the NLSP lifetime dependencies ττ˜ ∝ 1/(mτ˜m2
B˜
) for the axino LSP and
ττ˜ ∝ 1/m5τ˜ for the gravitino LSP. Then, the order of magnitude of the stau NLSP lifetime is governed by the
Peccei–Quinn scale fa in the axino LSP scenario and by the gravitino mass mG˜ in the gravitino LSP scenario.
In the axino LSP scenario, the stau lifetime varies from O(0.01 s) to O(10 h) if we change the Peccei–Quinn
scale fa from 5 × 109 GeV to 5 × 1012 GeV, as can be seen from (3). For the given values of mτ˜ and mB˜ , these
values can probably be considered as the lower and upper bounds on the stau NLSP lifetime in the axino LSP case.
In the gravitino LSP case, the stau lifetime can vary over a much wider range, e.g., from 6 × 10−8 s to 15 years
by changing the gravitino mass m
G˜
from 1 keV to 50 GeV, as can be seen from (12). Therefore, both a very short
stau NLSP lifetime, ττ˜ ms, and a very long one, ττ˜  days, will point to the gravitino LSP scenario. For example,
in gravity-mediated SUSY breaking models, the gravitino mass is typically (10–100) GeV. Then, the lifetime of
the NLSP becomes of O(years) and points clearly to the gravitino LSP scenario.
On the other hand, if the observed lifetime of the stau NLSP is within the range O(0.01 s)–O(10 h), it will be
very difficult to distinguish between the axino LSP and the gravitino LSP scenarios from the stau NLSP lifetime
alone. In this case, the analysis of the three-body NLSP decays will be crucial to distinguish between the two
scenarios.
4.2. Branching ratio of the three-body decay modes
We now consider the branching ratio of the integrated rate of the three-body decay τ˜ → τ + γ + a˜/G˜ with cuts
(18)BR(τ˜R → τγ i;xcutγ , xcutθ )≡ Γ (τ˜R → τγ i;x
cut
γ , x
cut
θ )
Γ total
τ˜R→iX
, i = a˜, G˜.
In Fig. 4 this quantity is shown for the gravitino LSP (solid line) and the axino LSP (dashed line) for mτ˜ = 100 GeV,
m
B˜
= 110 GeV, fa = 1011 GeV, ξ2C2aYY = 1, m2a˜/m2τ˜  1, and mG˜ = 10 MeV.2 In the left (right) part of the figure
2 The results shown in Fig. 4 are basically independent of the Peccei–Quinn scale fa and the gravitino mass mG˜ provided mG˜/mτ˜  0.1.
For larger values of the gravitino mass, the stau NLSP lifetime being of O(years) points already to the gravitino LSP scenario as discussed
above.
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and as a function of xcutγ for xcutθ = 0.1 (right). The solid and dashed lines show the results for the gravitino LSP and the axino LSP, respectively,
as obtained with mτ˜ = 100 GeV, mB˜ = 110 GeV, fa = 1011 GeV, ξ2C2aYY = 1, m2a˜/m2τ˜  1, and mG˜ = 10 MeV.
we fix xcutγ = 0.1 (xcutθ = 0.1) and vary xcutθ (xcutγ ). The dependence of the branching ratio (18) on the cut parameters
in the axino LSP case differs qualitatively from the one in the gravitino LSP case. Moreover, there is a significant
excess of BR(τ˜R → τγ a˜;xcutγ , xcutθ ) over BR(τ˜R → τγ G˜;xcutγ , xcutθ ) over large ranges in the cut parameters. For
example, if 104 stau NLSP decays can be analysed and the cuts are set to xcutγ = xcutθ = 0.1, we expect about
165 ± 13(stat) τ˜R → τγ a˜ events for the axino LSP and about 100 ± 10(stat) τ˜R → τγ G˜ events for the gravitino
LSP. Thus, the measurement of the branching ratio (18) would allow a distinction to be made between the axino
LSP and the gravitino LSP scenarios. For a smaller number of analysed stau NLSP decays, this distinction becomes
more difficult. In addition to the statistical errors, details of the detectors and of the additional massive material
needed to stop the staus and to analyse their decays will be important to judge on the feasibility of the distinction
based on the branching ratios. We postpone this study for future work.
4.3. Differential distributions in the three-body decays
Finally, we consider the differential distributions of the visible decay products in the three-body decays τ˜ →
τ + γ + a˜/G˜ in terms of the quantity
(19)1
Γ (τ˜R → τγ i;xcutγ , xcutθ )
d2Γ (τ˜R → τγ i)
dxγ d cos θ
, i = a˜, G˜,
which is independent of the two-body decay, the total NLSP decay rate, and the Peccei–Quinn/Planck scale. In
Fig. 5, the normalized differential distributions (19) with xcut = xcut = 0.1 are shown for the axino LSP scenarioγ θ
A. Brandenburg et al. / Physics Letters B 617 (2005) 99–111 109Fig. 5. The normalized differential distributions of the visible decay products in the decays τ˜ → τ + γ + a˜/G˜ for the axino LSP scenario (left)
and the gravitino LSP scenario (right) for mτ˜ = 100 GeV, mB˜ = 110 GeV, m2a˜/m2τ˜  1, and mG˜ = 10 MeV. The cut parameters are set to
xcutγ = xcutθ = 0.1. The contour lines represent the values 0.2, 0.4, 0.6, 0.8, and 1.0, where the darker shading implies a higher number of events.
(left) and the gravitino LSP scenario (right) for mτ˜ = 100 GeV, mB˜ = 110 GeV, m2a˜/m2τ˜  1, and mG˜ = 10 MeV.3
In the case of the gravitino LSP, the events are peaked only in the region where the photons are soft and the photon
and the tau are emitted with a small opening angle (θ  0). In contrast, in the axino LSP scenario, the events are
also peaked in the region where the photon energy is large and the photon and the tau are emitted back-to-back
(θ  π ). Thus, if the observed number of events peaks in both regions, there is strong evidence for the axino LSP
and against the gravitino LSP.
To be specific, with 104 analysed stau NLSP decays, we expect about 165 ± 13(stat) events for the axino LSP
and about 100±10(stat) events for the gravitino LSP, which will be distributed over the corresponding (xγ , cos θ)-
planes shown in Fig. 5. In particular, in the region of xγ  0.8 and cos θ  −0.3, we expect about 28% of the
165 ± 13(stat) events in the axino LSP case and about 1% of the 100 ± 10(stat) events in the gravitino LSP case.
These numbers illustrate thatO(104) of analysed stau NLSP decays could be sufficient for the distinction based on
the differential distributions. To establish the feasibility of this distinction, a dedicated study taking into account
the details of the detectors and the additional massive material will be crucial, which we leave for future studies.
Some comments are in order. The differences between the two scenarios shown in Figs. 4 and 5 become smaller
for larger values of m
B˜
/mτ˜ . This ratio, however, remains close to unity for the stau NLSP in unified models.
Furthermore, if m
G˜
< ma˜ < mLOSP—mentioned as case (iv) in the introduction—and Γ (τ˜ → a˜X)  Γ (τ˜ →
G˜X), one would still find the distribution shown in the left panel of Fig. 5. The axino would then eventually decay
into the gravitino LSP and the axion. Conversely, the distribution shown in the right panel of Fig. 5 would be
obtained if ma˜ < mG˜ < mLOSP—mentioned as case (iii) in the introduction—and Γ (τ˜ → a˜X)  Γ (τ˜ → G˜X).
Then it would be the gravitino that would eventually decay into the axino LSP and the axion. Barring these caveats,
the signatures shown in Figs. 4 and 5 will provide a clear distinction between the axino LSP and the gravitino LSP
scenarios.
3 A similar comparison between the gravitino and a hypothetical spin-1/2 fermion with extremely weak Yukawa couplings was performed
in Ref. [25]. Note that our result for the axino shown in Fig. 5 differs also from the one for the hypothetical spin-1/2 fermion due to different
couplings.
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Assuming that a charged slepton is the NLSP, we have discussed signatures of both the gravitino LSP scenario
and the axino LSP scenario in the framework of hadronic, or KSVZ, axion models [26]. These signatures can be ob-
served at future colliders if the planned detectors are equipped with 1–10 kt of additional material to stop and collect
charged NLSPs [23,24]. With calorimetric and tracking performance, this additional material will serve simultane-
ously as a real-time detector, allowing an analysis of the decays of the trapped NLSPs with high efficiency [23].
In the scenario in which the axino is the LSP, we have shown that the NLSP lifetime can be used to estimate
the Peccei–Quinn scale fa . Indeed, if the axino is the LSP, the NLSP decays provide us with a new way to probe
the Peccei–Quinn sector. This method is complementary to the existing and planned axion search experiments.
The decays of the NLSP into the axino LSP will also allow us to determine the axino mass kinematically if it is
not much smaller than the mass of the NLSP. The determination of both the Peccei–Quinn scale fa and the axino
mass ma˜ will be crucial for insights into the cosmological relevance of the axino LSP. Once fa and ma˜ are known,
we will be able to decide if axinos are present as cold dark matter in our Universe.
In the gravitino LSP scenario, the measurement of the stau NLSP lifetime can be used to determine the gravitino
mass m
G˜
once the mass of the NLSP is known. This will be crucial for insights into the SUSY breaking mechanism.
Moreover, if the gravitino mass can be determined independently from the kinematics and if the NLSP mass is
known, the NSLP lifetime provides a microscopic measurement of the Planck scale [25]. Indeed, if the gravitino
is the LSP, the lifetime of the NLSP depends strongly on the Planck scale and the masses of the NLSP and the
gravitino.
We have addressed the question of how to distinguish between the axino LSP and the gravitino LSP scenarios
at colliders. If the mass of the LSP cannot be measured and if the NLSP lifetime is within the range O(0.01 s)–
O(10 h), we have found that the NLSP lifetime alone will not allow us to distinguish clearly between the axino LSP
and the gravitino LSP scenarios. The situation is considerably improved when one considers the three-body decay
of a charged slepton NLSP into the associated charged lepton, a photon, and the LSP. We have found qualitative
and quantitative differences between the branching ratios of the integrated three-body decay rate with cuts on the
photon energy and the angle between the lepton and photon directions. In addition, the differential distributions of
the decay products in the three-body decays provide characteristic fingerprints. For a clear distinction between the
axino LSP and the gravitino LSP scenarios based on the three-body decay events, at least ofO(104) of analysed stau
NLSP decays are needed. If the mass of the stau NLSP is not significantly larger than 100 GeV, this number could
be obtained at both the LHC and the ILC with 1–10 kt of massive additional material around the main detectors.
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